Abstract: Good characterization of traffic interactions among urban roads can facilitate traffic-related applications, such as traffic control and short-term forecasting. Most studies measure the traffic interaction between two roads by their topological distance or the correlation between their traffic variables. However, the distance-based methods neglect the spatial heterogeneity of roads' traffic interactions, while the correlation-based methods cannot capture the non-linear dependency between two roads' traffic variables. In this paper, we propose a novel approach called Road2Vec to quantify the implicit traffic interactions among roads based on large-scale taxi operating route data using a Word2Vec model from the natural language processing (NLP) field. First, the analogy between transportation elements (i.e., road segment, travel route) and NLP terms (i.e., word, document) is established. Second, the real-valued vectors for road segments are trained from massive travel routes using the Word2Vec model. Third, the traffic interaction between any pair of roads is measured by the cosine similarity of their vectors. A case study on short-term traffic forecasting is conducted with artificial neural network (ANN) and support vector machine (SVM) algorithms to validate the advantages of the presented method. The results show that the forecasting achieves a higher accuracy with the support of the Road2Vec method than with the topological distance and traffic correlation based methods. We argue that the Road2Vec method can be effectively utilized for quantifying complex traffic interactions among roads and capturing underlying heterogeneous and non-linear properties.
Introduction
The traffic states of urban roads are often influenced by their neighboring roads. Different terms, such as spatial dependency/relationship in traffic [1, 2] and spatial correlation [3] [4] [5] [6] , are used in the literature to express such relationship between neighboring roads. In this paper, we use the term traffic interaction to describe the traffic influence between neighboring roads, which is fundamentally caused by the dynamic vehicle movements from one road to another.
Measuring the traffic interactions among urban roads can provide useful information for traffic-related applications. For instance, many studies have reinforced that traffic forecasting accuracy not only depends on forecasting models, but also on the spatio-temporal inputs [4, [7] [8] [9] [10] [11] [12] [13] . Identifying in travel routes or they frequently share common upstream and/or downstream segments in travel routes. Both situations indicate that there are strong traffic interactions.
As a case study, we extract over two million travel routes from floating car data (FCD) collected by GPS-equipped taxies in Beijing, China, and classify them into five datasets according to the departure time of travel routes (i.e., workday morning rush hours, workday evening rush hours, workday non-rush hours, weekends, and holidays). First, we train real-valued vectors for road segments from travel route datasets using the Word2Vec model; then, we measure the traffic interaction between two roads by calculating the similarity of their vectors. Finally, we compare our approach with distance-based and correlation-based approaches by conducting a traffic forecasting process.
The remainder of this paper is structured as follows: Section 2 introduces the principles of the Word2Vec model and presents the workflow for measuring traffic interactions among roads using the proposed Road2Vec model. Section 3 demonstrates this novel approach with a case study, analyzes the findings, and evaluates the results. Section 4 is devoted to discussions. Finally, we provide conclusions and present our vision for future research in Section 5.
Materials and Methods
First, we introduce the principles of word embedding techniques and the Word2Vec model; then, we present the workflow for quantifying the traffic interactions among roads using the proposed Road2Vec model.
Note that the Word2Vec is a mathematical model, whereas the proposed Road2Vec is a method/ approach for solving a specific problem (i.e., road traffic interactions) by combining the Word2Vec model and large-scale taxi operating route data.
Word-Embedding Techniques and the Word2Vec Model

Word-Embedding Techniques
Recently, word-embedding techniques have become increasingly popular in NLP. This technique began to develop in 2003 [20] , but gained extreme popularity with the Word2Vec model [21] in 2013. The basic idea of word embedding models is to represent each word by a D-dimensional real-valued vector, where D is a relatively small number (typically between 50 and 1000). Such a vector comes to represent, in some abstract way, the semantics of a word, and the distance between two word vectors can be used to measure their semantic similarity (e.g., "boat"-"ship") and semantic relatedness (e.g., "boat"-"water"). Such vectors are also used as a representational basis for downstream NLP tasks, such as information retrieval, document classification, question answering, named entity recognition, parsing, etc.
There are two main model families for learning word vectors. Count-based methods, such as latent semantic analysis/indexing (LSA/LSI) [22] , compute the statistics of how often a word co-occurs with other words in a large text corpus; then, map these count-based statistics down to a small, dense vector for each word using dimension reduction techniques such as singular value decomposition (SVD). Prediction-based methods, such as Word2Vec [21] , directly attempt to predict a word from its neighbors in terms of learned small, dense embedding vectors. In fact, the two classes of methods are not dramatically different at a fundamental level, since they both probe the underlying co-occurrence statistics of the corpus [17] and both the semantic similarity and relatedness among words can be captured in practice.
Word2Vec Model
Word2Vec is a predictive model for training word vectors from raw texts. It comes in two formats, the continuous bag-of-words model (CBOW) and the skip-gram model [21] . Algorithmically, the two models are similar, except that CBOW predicts middle (target) words from the surrounding context words, whereas the skip-gram does it the inverse way and predicts surrounding context words from the middle (target) words. CBOW works better if the training data are limited, as it will smooth over the context in each training step. If there is enough training data, a skip-gram model usually performs better.
Next, we briefly introduce the skip-gram model that will be applied to a large-scale dataset in our experiments. Given a sequence of training words w 1 , w 2 , w 3 , . . . , w T , the objective of the skip-gram model is to maximize the average log probability:
where k is the size of the training window. The inner summation goes from −k to k when computing the log probability of correctly predicting the word w t+j given the word in the middle w t . The outer summation goes over all words in the training corpus.
In the skip-gram model, every word w is associated with two learnable parameter vectors, u w and v w . They represent the "input" and "output" vectors of the w, respectively. The probability of correctly predicting the word w i , given the word w j , is calculated by the softmax function:
where V is the number of words in the vocabulary. The Skip-gram and CBOW models are typically trained using a gradient descent based on the back propagation rule [24] .
Measurement of Traffic Interaction among Roads
Analogous Relationships among Routes and Documents
As mentioned above, word-embedding models represent words in a vector space where semantically-similar words are mapped to nearby points. The hypothesis behind these models states that words that appear in the same contexts share semantic meaning. There are two situations for two words that "appear in the same contexts". The first is that two words frequently co-occur in documents, such as "boat" and "water", exhibiting semantic relatedness; the second is that the two words' contextual words in documents are similar, such as "boat" and "ship", exhibiting semantic similarity.
A textual document is composed of sequential words, whereas a travel route is composed of sequential road segments; regarding each road segment as a word and each travel route as a document, we can obtain the vector representations of road segments by training plenty of travel routes using the word embedding models. We call this method the "Road2Vec". Correspondingly, high similarity between two road vectors indicates the two roads co-occur frequently in travel routes or they frequently share common upstream or downstream segments along the travel routes. We use two sketch maps of local road systems (Figure 1 ) to illustrate how both situations exhibit the two road segments closely interact with each other in traffic.
In Figure 1 , the line segments connecting small circles represent road segments, and the arrows on them indicate the directions of traffic flow. Road segments with the same color have one common upstream or downstream segments, and their widths of them represent the relative traffic volumes which they source from (their common upstream road segment) or flowing into (their common downstream road segment). Hence, segments 1, 2 and 3 are segment 0's upstream roads; segments 4, 5 and 6 are segment 0's downstream roads. The traffic on segment 0 mainly originates from segment 1 and flows to segments 5 and 6.
Two road segments co-occurring frequently along travel routes indicate there are a significant number of vehicles passing through the two roads one after another; therefore, they strongly interact with each other. The downstream traffic state can be influenced by the upstream traffic because of the piling up of vehicles from the upstream road, whereas the downstream traffic state can influence the upstream traffic due to a tailing back of congested vehicles [1] . For instance, if road segment 0 in Figure 2 became congested or blocked due to a traffic accident, road segment 1 would be much more influenced than road segments 2 or 3.
Two road segments frequently sharing common upstream or/and downstream roads in travel routes may interact with each other indirectly through their common upstream or/and downstream roads [6] . For instance, in Figure 1 , road segments 5 and 6 share common upstream road segment 0. If segment 5 was blocked due to traffic control or an accident, more traffic from segment 1 may detour to segment 6, which may cause it to become congested. Such traffic interactions through traffic propagations do exist in urban road systems, but are usually neglected in the existing studies. If segment 5 was blocked due to traffic control or an accident, more traffic from segment 1 may detour to segment 6, which may cause it to become congested. Such traffic interactions through traffic propagations do exist in urban road systems, but are usually neglected in the existing studies. 
Training Road Segment Vectors
The vector representation for each road segment is trained using the Word2Vec model. We use a deep learning tool from a Python package called "gensim" (https://radimrehurek.com/gensim/) to train the Word2Vec models in our experiments. The format and parameters of the called function are represented as follows:
documents are lists of textual documents, and each document is a list of words in a serial order; dimension is the dimension of the word vectors, and reasonable values are in the tens to hundreds; and window is the most important parameter that determines how many words will be used as each word's contexts. For instance, a window equaling to 5 indicates that the five words ahead and five words behind will be used as the contexts for the center word in the training.
Calculating Similarities among Road Segment Vectors
After training the model, we measure the spatial interaction between two roads by calculating the cosine similarity of their word vectors. Higher similarity values indicate stronger traffic interactions.
Given two vectors and , the cosine similarity, cos(θ), is represented using a dot product and magnitude as follows:
where and are components of vector and , respectively. The resulting similarity ranges from −1, meaning exactly opposite, to 1, meaning exactly the same, with 0 indicating that they are uncorrelated, and in-between values indicating intermediate similarity or dissimilarity.
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Training Road Segment Vectors
The vector representation for each road segment is trained using the Word2Vec model. We use a deep learning tool from a Python package called "gensim" (https://radimrehurek.com/gensim/) to train the Word2Vec models in our experiments. The format and parameters of the called function are represented as follows: model = gensim.models.Word2Vec (documents, dimension = 200, window = 5) documents are lists of textual documents, and each document is a list of words in a serial order; dimension is the dimension of the word vectors, and reasonable values are in the tens to hundreds; and window is the most important parameter that determines how many words will be used as each word's contexts. For instance, a window equaling to 5 indicates that the five words ahead and five words behind will be used as the contexts for the center word in the training.
Calculating Similarities among Road Segment Vectors
Given two vectors x and y, the cosine similarity, cos(θ), is represented using a dot product and magnitude as follows:
where x i and y i are components of vector x and y, respectively. The resulting similarity ranges from −1, meaning exactly opposite, to 1, meaning exactly the same, with 0 indicating that they are uncorrelated, and in-between values indicating intermediate similarity or dissimilarity.
Results
Data
Road Network
The road network of the city of Beijing, China (Figure 2 ) is used to conduct the experiments. It contains 26,621 road segments, including expressways, arterial streets, side streets, and collector streets. Each bidirectional road segment is considered to be two different words in the Word2Vec model. 
Floating Car Data
Floating car data (FCD) was collected from the GPS-equipped taxis operating in Beijing from 01 January 2011 to 31 May 2011, with a sampling frequency of 50 s. An FCD record consists of the car's identification, time, coordinates (longitude and latitude), speed, and the occupancy state (loading passengers or not), etc. The FCD are used to generate travel routes which will be used to train Word2Vec models, and to calculate road traffic states that will be used to evaluate the results.
Travel routes
We map all the GPS points between passengers' pick-up and drop-off locations (i.e., travel trajectories) to the road network using a map matching algorithm called ST-CRF, which can process low-frequency (i.e., sparse) FCD [25] . After mapping each GPS point to a road segment, we proceed as follows:
(1) if more than one consecutive GPS points are mapped onto the same road segment, then the road segment is only counted once in the travel route; (2) if two consecutive GPS points are mapped onto different road segments that are not topologically adjacent in a road network, then we use the shortest path between the two road segments to form the travel route.
After the processing, we obtain over two million travel routes, which are represented by sequential road segments. A route is represented as follows:
where is the number of road segments included on route . Considering the temporal heterogeneity of road traffic interactions, we divide these routes into five datasets according to the departure time of the routes: workday morning rush hours (7:00-9:00), workday evening rush hours (17:00-19:00), workday non-rush hours (0:00-7:00; 9:00-17:00; 19:00-24:00), weekends and holidays. Note that there are large numbers of tourists in Beijing on holidays, 
Floating Car Data
Travel routes
After the processing, we obtain over two million travel routes, which are represented by sequential road segments. A route i is represented as follows:
where N is the number of road segments included on route i. Considering the temporal heterogeneity of road traffic interactions, we divide these routes into five datasets according to the departure time of the routes: workday morning rush hours (7:00-9:00), workday evening rush hours (17:00-19:00), workday non-rush hours (0:00-7:00; 9:00-17:00; 19:00-24:00), weekends and holidays. Note that there are large numbers of tourists in Beijing on holidays, during which the traffic volumes on the road network are enormous.
Traffic states
The speed on each road segment in each time interval on each day is extracted from the FCD by calculating the average speeds of the passing cars during the current time interval. If there is no car passing through during the current time interval, then, we use a valid value from another day in the same time interval as an alternative. Because we set the period of each time interval as 5 min, there are 288 total time intervals in a day. For each road segment, the speed data on different days are reconstructed into five long time series according to the period, that is, workday morning rush hours, workday evening rush hours, workday non-rush hours, weekends, and holidays. Each of the five long time series is formatted as follows:
where n represents the total days in the workday/weekend/holiday, while m represents the number of intervals in the workday morning rush hours, workday evening rush hours, workday non-rush hours, weekend, or holiday on each corresponding day.
The traffic states will be used to calculate the correlations among roads as a comparative method and make traffic forecasting for evaluation.
Results
The most important parameter of the Word2Vec models is the window size. In NLP, window sizes are often set at 5, which means the five words ahead and five words behind are used as the center word's contexts in training. In our case, we trained 40 Word2Vec models with different window sizes ranging from one to eight using the five temporally-divided travel route datasets of workday morning rush hours, workday evening rush hours, workday non-rush hours, weekends, and holidays.
We use a diagrammatic sketch (Figure 3 ) to demonstrate the cosine similarity between the vectors of "Zhixin Rd." (the segment labeled with a black star) and its neighbors at different times. Traffic volumes in this area are considerable, as many universities and residential communities are located here. These road segment vectors are trained from Word2Vec models with window sizes equaling to 5. We can find that: (1) the traffic interactions among neighboring roads varies greatly over time. Such interactions are stronger on workday morning rush hours, workday evening rush hours, and holidays compared to workday non-rush hours and weekends. This proves that our approach can capture the temporal heterogeneity of road traffic interactions correctly; and (2) the traffic interactions among neighboring roads are spatially heterogeneous. Taking the results of workday morning rush hours as an example, road segments 9, 10, and 13 are all downstream roads of "Zhixin Rd.", but the traffic interaction between "Zhixin Rd." and road segment 13 is stronger than that between "Zhixin Rd" and road segment 10. Furthermore, as we explained in Figure 1 , even though some road pairs do not have "upstream-downstream" relationships, such as "Zhixin Rd." and road segments 6, 8, or 11, but as they share common upstream or downstream road segments, they still interact with each other in traffic.
approach can capture the temporal heterogeneity of road traffic interactions correctly; and (2) the traffic interactions among neighboring roads are spatially heterogeneous. Taking the results of workday morning rush hours as an example, road segments 9, 10, and 13 are all downstream roads of "Zhixin Rd.", but the traffic interaction between "Zhixin Rd." and road segment 13 is stronger than that between "Zhixin Rd" and road segment 10. Furthermore, as we explained in Figure 1 , even though some road pairs do not have "upstream-downstream" relationships, such as "Zhixin Rd." and road segments 6, 8, or 11, but as they share common upstream or downstream road segments, they still interact with each other in traffic. Next, we calculate the average similarities of vectors among the first-order, second-order, third-order, and fourth-order neighboring roads, respectively. The "n th -order" indicates that the shortest topological distance between two road segments is n. From the results shown in Figure 4 , we determine the following:
(1) When the window size equals 1, the traffic interactions among roads are very weak and apparently different from the results trained from models with larger window sizes. This may result from the insufficient contextual information attempting to capture road interaction relationships. The results trained from models with the window sizes from two to eight slightly increase at first, and then remain steady. (2) The average similarity on workday morning rush hours, workday evening rush hours and holidays are relatively similar and they are higher than on weekends and workday non-rush hours. When traffic volumes on the road system are larger, such as during workday peak hours and holidays, road traffic interactions are also stronger. Conversely, when the traffic volumes are relatively small, such as workday non-rush hours and weekends, road interactions are also relatively weaker. The findings match well with the default transportation patterns and this indicates that we correctly capture the temporal heterogeneity of road traffic interaction. (3) Excluding the results trained from models with window sizes equal to 1, the average similarity between neighboring roads decreases progressively along with an increase in the topological order. That is, on average, topologically-closer road segments have stronger traffic interactions, indicating that our Road2Vec approach also captures the influence of topological distance. Next, we calculate the average similarities of vectors among the first-order, second-order, thirdorder, and fourth-order neighboring roads, respectively. The " -order" indicates that the shortest topological distance between two road segments is . From the results shown in Figure 4 , we determine the following:
(1) When the window size equals 1, the traffic interactions among roads are very weak and apparently different from the results trained from models with larger window sizes. This may result from the insufficient contextual information attempting to capture road interaction relationships. The results trained from models with the window sizes from two to eight slightly increase at first, and then remain steady. (2) The average similarity on workday morning rush hours, workday evening rush hours and holidays are relatively similar and they are higher than on weekends and workday non-rush hours. When traffic volumes on the road system are larger, such as during workday peak hours and holidays, road traffic interactions are also stronger. Conversely, when the traffic volumes are relatively small, such as workday non-rush hours and weekends, road interactions are also relatively weaker. The findings match well with the default transportation patterns and this indicates that we correctly capture the temporal heterogeneity of road traffic interaction. (3) Excluding the results trained from models with window sizes equal to 1, the average similarity between neighboring roads decreases progressively along with an increase in the topological order. That is, on average, topologically-closer road segments have stronger traffic interactions, indicating that our Road2Vec approach also captures the influence of topological distance. 
Results Evaluation
Existing studies indicate that information on the spatial dependency in road traffic is a valuable hint for short-term traffic forecasting [1] . Forecasting accuracy not only depends on forecasting models, but also relates to the spatio-temporal inputs [9, 26, 27] . Therefore, to prove the effectiveness of our approach, we conduct a five-minute traffic forecasting process and test the performances of the forecasting models with different spatial-temporal inputs selected by topological distance, correlation between speed time series, and our proposed "Road2Vec" method.
Two well-known supervised machine learning models, i.e., artificial neural network (ANN) and support vector machine (SVM), are used for forecasting in this paper, as they are all capable of solving complicated non-linear problems and are frequently used for traffic forecasting [9, [14] [15] [16] 28, 29] . 
Two well-known supervised machine learning models, i.e., artificial neural network (ANN) and support vector machine (SVM), are used for forecasting in this paper, as they are all capable of solving complicated non-linear problems and are frequently used for traffic forecasting [9, [14] [15] [16] 28, 29] .
Given a set of N training samples in the form of {(x 1 , y 1 ), (x 2 , y 2 ), . . . , (x N , y N )}, where x i is the feature vector of the i-th sample and y i is the label, the supervised learning process seeks a function g : X → Y to solve a classification problem, where X is the input space and Y is the output space. Then, given a new sample x j , one can predict y j by inputting x j into the trained model g. Most of the machine learning models are non-linear, including ANN and SVM.
In our case, to forecast the speed of road segment i on the next time interval t + 1 (i.e., y i ), the data inputs x i contain real-time speeds of the road segment i and its n traffic-related neighbors during the current time interval t. Hence, there are a total of n + 1 features as the inputs of the traffic forecasting models. The n "most traffic related neighbors" are selected by the topological distance, correlation, and Road2Vec, respectively. In our paper, we choose n = 6, because most road segments usually have six first-order neighbors (i.e., the topological distance equals 1) which include three upstream segments and three downstream segments. Note that the most traffic-related neighbors are different in different time periods selected by traffic correlation and Road2Vec, whereas they are fixed in different time periods selected by topological distance.
Instead of using all the road segments to train one model, we train the ANN/SVM model for each road segment (1000 road segments are randomly selected) in the five different time periods (workday morning rush hours, workday evening rush hours, workday non-rush hours, weekends, and holidays) respectively. Therefore, there are a total of 5000 datasets; for each dataset, we use 80% of the samples for training and the rest 20% for testing.
The mean absolute relative error (MARE) is used to evaluate the prediction results:
where M is the number of road segments in the experiments; T is the number of the time interval used for testing; v t,m is the real speed value of road m in time interval t; andv t,m is the predicted speed value of road m in time interval t.
Lower MARE values indicate better prediction power. The forecasting performances in the five different time periods are shown in Figure 5 , and the forecasting speeds of a road segment for a whole day are shown in Figure 6 .
Figures 5 and 6 indicate the following:
(1) The forecasting models with spatio-temporal inputs selected by the Road2Vec-based method and the correlation-based method behave better than the topological-distance-based method. This is because the topological-distance-based method neglects the spatio-temporal heterogeneity of traffic influence on urban road systems. (2) The forecasting models with spatio-temporal inputs selected by the Road2Vec-based method behave better than the correlation-based method during all five periods, which proved that our proposed Road2Vec approach can effectively measure the traffic interactions among urban roads. This is because the Road2Vec can derive the implicit and complicated relationships from the moving trajectories of massive vehicles, whereas a correlation-based method cannot capture the non-linear relationships existing in the urban road system well. 
Discussion
In this paper, we propose a novel approach to extract the traffic interactions between roads from real travel routes using the NLP word embedding techniques. The key points are summarized as follows:
First, numerous moving vehicles on road networks are "molecules" that form the distributions of traffic flows and create associations among roads. Therefore, measuring the traffic interactions among roads from vehicles' traces in the real world is a reasonable "cause to effect" and a "bottom-up" process.
Second, the Road2Vec method can measure the traffic interactions not only among upstreamdownstream roads, but also among roads that share common upstream or downstream roads. That is, it can capture the implicit and complicated spatial relationships in an urban road system.
As transportation elements (e.g., road segment, travel route) and NLP terms (e.g., word, textual document) have natural analogical relationships, we suggest that other techniques in the text processing domain may also be used in routing behavior and traffic studies in the future.
There are also some limitations in this paper. One may notice that the improvements in the traffic forecasting enhanced by Road2Vec is not that significant compared to the topological-distance and correlation-based methods. This is because that most traffic-related neighbors selected using different methods have an overlap. It is speculated that the Road2Vec method may behave better if applied to the traffic volume data which requires verification in the future work.
It is also worth mentioning that we only use two simplistic models (i.e., ANN and SVM) to test the performances of different traffic interaction measurement methods and do not employ the multiple-layer neural networks (e.g., deep learning models) yet. Existing traffic forecasting methods using deep learning architectures in recent years claim that their approaches can take the spatio-temporal correlations in road systems into account, however, there is no process for establishing spatial relationship in their methods [3] , or only roads with linear geometric relationships on straight lines are considered [2] . In subsequent research, we will attempt to integrate the Road2Vec method with a deep learning architecture to further improve traffic forecasting performance.
Conclusions
Gaining insight into the spatio-temporal relationships among urban roads in transportation is essential to improving the performance of traffic-related applications. The spatial interactions among roads originate from dynamic movements of massive vehicles. In this research, we propose to investigate the spatio-temporal relationships among roads from the massive vehicular trajectories in the urban road system. Large-scale GPS-enabled taxi routes and NLP word-embedding models are integrated to represent the underlying complex interactions among road segments. With a short-term traffic forecasting experiment, we conclude that the proposed Road2Vec approach outperforms the distance-based and correlation-based approaches in measuring the traffic interactions in the urban road system. The Road2Vec approach can capture the traffic interactions among roads because it has the capability to identify the implicit relationships among roads from the vehicle movements. We will subsequently integrate the Road2Vec approach with more advanced models to further improve the performance of traffic-related applications.
